The pancreatic duct of anesthetized rabbits was cannulated and, in some animals, flow of pancreatic exocrine secretions was blocked by raising the cannula to a vertical position. Blockage for 3-7 h caused a rapid and significant rise in serum amylase activity and an increase in amylase activity within the pancreas.
Introduction
Considerable progress has been recently made in elucidating the cell biology oftwo experimental models of acute pancreatitis: one induced by feeding young female mice a choline-deficient, ethionine-supplemented diet and another induced by infusing rats with a dose ofthe secretagogue caerulein in excess of that which stimulates a maximal rate of pancreatic protein secretion. Those studies have suggested that intraacinar cell activation of digestive enzymes, resulting from their colocalization with lysosomal hydrolases such as cathepsin B, could be an important event in the ultimate development of cell injury (1) (2) (3) (4) . It is, however, not clear that these observations can be extrapolated to the situation in clinical pancreatitis, because the clinical disease obviously does not result from ethionine ingestion and is unlikely to be the result of supra-maximal secretagogue stimulation. Rather, gallstone pancreatitis, which is the most common form of acute pancreatitis, appears to be triggered by passage of a stone into or through the terminal bile duct (5) . It has been suggested that such a stone might obstruct the pancreatic duct, but the mechanism whereby pancreatic duct obstruction could result in pancreatitis has not been clarified.
In this communication, we report the results of studies that evaluated pancreatic acinar cell function shortly after the induction of pancreatic duct obstruction. They indicate that pancreatic duct obstruction leads to colocalization of digestive enzyme zymogens and lysosomal hydrolases within acinar cells.
Methods CBZ-L-arginyl-arginine-B-naphthylamide was purchased from Bachem, caerulein from Peninsula Laboratories, Inc. (Belmont, CA) [3H]phenylalanine (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) Ci/mmol) from Amersham Corp. (Arlington Heights, ID) and calf thymus DNA, B-naphthylamine, Triton X-100, and secretin from Sigma Chemical Co. (St. Louis, MO). Antibodies and reagents used for immunolocalization were obtained from sources previously reported (4) . The goat anti-rabbit rhodamine-labeled IgGs were from Cappel Laboratories (Malvern, PA). Ready-Solv was obtained from Beckman Instruments (Fullerton, CA) and all other reagents were of the highest available grade of purity.
Animal preparation. New Zealand white rabbits of either sex weighing -3 kg (Pine Acre Rabbitary, West Brattleboro, VT) were fasted overnight, lightly anesthetized, and a cannula (PE-50) introduced into the femoral vein. After midline laparatomy, an additional cannula (PE-10) was introduced into the pancreatic duct for a distance of 0.75 cm by extraduodenal puncture of the duct. The cannula was brought out through a stab wound and the laparotomy incision closed. Anesthesia was maintained throughout the experiment by the periodic intravenous administration of pentobarbital (-10 mg/kg per h). Body temperature was monitored using an intrarectal probe and maintained using a heating pad. All animals were continuously infused with secretin (8 CU/kg per h) to stimulate pancreatic juice production. Two groups of cannulated animals were studied: those with free-flowing secretions in which the drainage cannula was maintained in its original horizontal position and those with obstructed secretion in which, after a 1-h period of stabilization, the free end of the drainage cannula was lifted to a vertical position. In this latter group, pancreatic secretion equilibrated within the vertically positioned cannula at a level sufficient (17-22 cm) to exert a hydrostatic pressure that matched the secretory pressure ofthe pancreas. As indicated, some experiments also involved rabbits that were neither surgically manipulated in any way nor infused with secretin. That group served as an uninstrumented control group.
Protein synthesis. The in-vivo rate of pancreatic protein synthesis was evaluated by quantitating the incorporation of 3H radioactivity into TCA-precipitable material after intravenous administration of using differential centrifugation. The protocol originally developed by Tartakoffand Jamieson (7) that we modified for studies in rat tissue (6) was again modified to permit optimum separation of rabbit pancreatic cell fractions. Briefly, pancreatic fragments were homogenized in cold 0.3 M sucrose using three up-and-down strokes of a Dounce homogenizer. The resulting homogenate was centrifuged (150 g, 10 min, 4°C) to pellet debris and unbroken cells, which were discarded. The supernatant after this low speed centrifugation was considered to contain 100% ofeach ofthe components measured. It was centrifuged (1000 g, 15 min, 4°C) to obtain a zymogen granule-enriched pellet and supernatant. That supernatant was centrifuged (12,000 g, 12 min, 4°C), yielding a lysosome and mitochondria-enriched pellet and a supernatant that was, in turn, centrifuged (105,000 g, 60 min, 4°C) to obtain a microsome-enriched pellet and supernatant, which was considered to contain soluble elements. The various pellets obtained during fractionation were individually resuspended in 2 ml of 0.3 M cold (4°C) sucrose.
Fragility of lysosomal enzyme-containing organelles. The supernatant obtained after low-speed centrifugation (150 g, 10 min, 4°C) described above was subjected to centrifugation (12,000 g, 12 min, 4°C) to obtain a combined zymogen granule-lysosome-mitochondria-enriched pellet as previously described (2) . This pellet, arbitrarily considered to contain 100% of the lysosomal enzyme activity, was resuspended in 0.3 M sucrose, and incubated for varying time intervals at 25°C. The samples were then recentrifuged (12, (13) , whereas N-acetyl glucosaminidase was measured according to the method of Barrett and Heath (14) . Data (Fig. 4) , and the t test were used to evaluate the significance of BLOCK TIME (H) Figure 1 . Effect of pancreatic duct obstruction on serum amylase. Serum amylase levels were measured at selected times after pancreatic duct cannulation and secretin infusion with (o) or without (o) obstruction of pancreatic juice flow as described in the text.
observed changes, and a P value of < 0.05 was taken to indicate a significant difference.
Results
Serum amylase. The serum amylase activity was not altered within the first hour of ductal obstruction, but thereafter, ductal obstruction was associated with progressively rising serum amylase activity (Fig. 1) . Cannulation of the pancreatic duct and stimulation with secretin caused the serum amylase to rise slightly even when the drainage cannula was not raised to a vertical position. We believe that this latter phenomenon indicates that, even in its horizontal position, the cannula represents a mild impediment to the free flow of secretions. Pancreatic amylase concentration. The concentration of amylase was found to be increased in the pancreas after 3 h of ductal obstruction (Table I ). This increase, presumably, results from continued digestive enzyme synthesis during the period in which discharge from the gland is reduced. A small but not significant increase in amylase concentration within the pancreas was also observed in cannulated animals not subjected to ductal obstruction.
Pancreatic concentration of lysosomal enzymes. The concentration of cathepsin B and N-acetyl glucosaminidase was measured in the pancreas 7 h after the onset of ductal obstruction and found to be not significantly different from either noncannulated control animals or cannulated animals with nonobstructed ducts (Table II) . These observations indicate that ductal obstruction for 7 h does not alter the concentration of these two lysosomal hydrolases in the pancreas.
Subcellular distribution of lysosomal enzymes. The distribution of cathepsin B and of N-acetyl glucosaminidase among the various subcellular fractions is shown in Fig. 3 . In control animals, as expected, most of the lysosomal enzyme activity (-50%) is recovered in the 12,000-g, 12-min pellet, whereas a smaller (-25%) yet significant portion is recovered in the heavier 1,000-g, 15-min pellet. This finding has been interpreted to mean that the pancreas contains a population of "heavy" lysosomes. Anesthesia, cannulation of the pancreatic duct, and infusion of secretin for 7 h did not result in a significant change in the distribution of cathepsin B or N-acetyl glucosaminidase. In contrast, within 7 h ofduct obstruction, most of the lysosomal enzyme activity (-55%) was recovered from the 1 ,000-g, 15-min fraction, whereas a corresponding smaller portion was found in the 12,000-g, 12-min pellet (-20% (Fig. 6, C-F) . The images obtained using antizymogen antibodies (Fig. 6 , C and E) resembled those for control samples, i.e., they revealed numerous fluorescence-positive organelles located near the cell apex. The number ofthese organelles, however, was mark- INCUBATION TIME (MIN) Figure 5 . Fragility of lysosomal enzyme-containing organelles. 7 edly increased in the samples from duct-obstructed animals and the organelles appeared, therefore, to be much more closely packed than in the controls. In the cathepsin D-immunodecorated samples (Fig. 6, D and F) , the fluorescence changes caused by duct obstruction were even more marked. Most ofthe obstructed acinar cells exhibited a large population of fluorescence-positive organelles that were similar in size to zymogen granules and like zymogen granules, were located at the cell apex. To achieve optimal and similar degree of resolution, the exposure time for cathepsin D samples was long (30 s), whereas that for zymogen samples was short (6 s). Consequently, the nonspecific fluorescence of the extracellular matrix appears much more prominent in the cathepsin D images. This has been partially marked by the white broken lines in C and E. To illustrate the actual relative intensity of the two immunolabelings, the inset in C (which was taken from the area between the two solid vertical white lines in C) was photographically processed exactly as the cathepsin D images (i.e., 30-s exposure). Under these conditions, zymogen fluorescence was found to be much more intense than cathepsin D fluorescence.
Comparison of images obtained from sequential 1-jAmthick cryosections cut from the same block and decorated with either one of the antibodies allowed us to investigate whether, and to what extent, the two antigens were colocalized in the same organelles. As can be seen in the pairs C and D and E and F, the two antigens have a very similar distribution. This similarity was noted for all acinar cells examined regardless of whether their degree of immunofluorescence was high (C and D) or low (E and F). In many individual organelles, some fluorescence could be observed with both of the antibodies in sequential sections. Frequently, strong fluorescence for one antigen was paralleled by only a weak signal for the other. As the diameter of the fluorescent organelles, which appear similar to zymogen granules, is most probably close to the thickness of the cryosections (-1 gm) , the probability of uneven distribution of antigen in sequential sections is high and the nonparallel distribution of fluorescence intensity was to be expected. In addition, however, some organelles showed no correspondence whatsoever between zymogen and cathepsin D labeling. This latter observation could indicate that detectable levels of zymogens and cathepsin D are not colocalized to all of the organelles or, alternatively, that the two sequential sections have dissimilar organelle distribution.
Discussion
In previous studies, we have extensively characterized the cell biology of two experimental forms of acute pancreatitis: diet induced and secretagogue induced (2, 3, (15) (16) (17) (18) . Strikingly similar phenomena were noted to occur during the early stages of both of these models, although the ultimate degree of pancreatic injury differed considerably. Although these observations might be relevant to the genesis of those two experimental models ofpancreatitis, their relevance to the clinical disease was not clear as clinical acute pancreatitis, a disease that is frequently associated with biliary tract stone disease, does not appear to involve either exposure to ethionine or excessive secretagogue stimulation. Rather, gallstone pancreatitis in humans appears to be precipitated by the passage of a stone through the terminal common bile duct (5) .
The mechanism whereby such a stone might precipitate acute pancreatitis has been the subject of many studies and continues to be an issue of considerable controversy. Three hypotheses have been advanced, as follows: (a) that the stone blocks drainage of bile and pancreatic juice into the duodenum but causes bile to reflux into the pancreatic duct; (b) that stone passage through the sphincter of Oddi renders that structure incompetent and permits activated enzymes to reflux from the duodenum into the pancreatic duct, and (c) that the stone or inflammation and edema resulting from the passage of the stone results in pancreatic duct obstruction, which, in a setting of continued pancreatic secretion, leads to ductal hypertension and rupture. There have been numerous objections to each of these hypotheses, not the least of which is that none of them clearly explains how activated digestive enzymes might gain access to the gland parenchyma.
The studies reported in this communication may provide an important missing link in the quest for an understanding of the events leading to pancreatitis. These studies clearly demonstrate that pancreatic ductal obstruction, under conditions in which physiological secretory pressures cannot be exceeded, has dramatic effects on pancreatic acinar cell function. Although protein synthesis continues, discharge of newly synthesized digestive enzyme proteins does not occur and the digestive enzyme concentration within the gland increases. There is a marked enlargement of the zymogen-containing organelle population located at the cell apex and those organelles are noted to contain lysosomal hydrolases. Subcellular fractionation experiments indicate that duct obstruction leads to a redistribution of lysosomal enzymes and that, as a result, lysosomal hydrolases become localized within a fraction that is enriched in digestive zymogens. Immunofluorescence studies indicate that lysosomal hydrolases are present within structures resembling zymogen granules that contain digestive enzyme zymogens. Together, these observations indicate that duct obstruction causes lysosomal hydrolases and digestive enzyme zymogens to become colocalized within the acinar cell. Because the lysosomal enzyme cathepsin B can activate trypsin (19, 20) , this colocalization could result in digestive enzyme activation within acinar cells.
In our earlier studies (3, 4) involving diet-and secretagogue-induced pancreatitis, we concluded that the colocalization of lysosomal hydrolases and digestive zymogens observed in those models of pancreatitis was likely to be the result of crinophagy, i.e., discharge of secretory granules into lysosomes (21) . Note, however, that in each of those models the colocalized lysosomal and digestive enzymes were found in cytoplasmic vacuoles, which were often much larger than the zymogen granule-sized organelles observed in this study. In contrast, no evidence of cytoplasmic vacuolization was noted after duct obstruction. Rather, the pattern of cathepsin D immunofluorescence was observed to change from being almost completely negative (most probably due to lack of antibody penetration into lysosomes) to being largely positive, with immunofluorescence localized in zymogen granule-sized organelles, which also contained digestive enzymes and were located near the cell apex. Although duct obstruction might stimulate crinophagy and thus lead to colocalization ofdigestive enzymes and lysosomal hydrolases by that mechanism, these observations suggest an alternative explanation. Duct obstruction, possibly by interfering with exocytosis, might interfere with the specific events which are involved in lysosomal enzyme transport from the Golgi complex to lysosomes (22) , and thus cause lysosomal enzymes to be diverted into the regulated secretory pathway.
We have found that ductal obstruction causes lysosomal enzyme-containing organelles to become increasingly fragile. Similar observations have been made when diet-and secretaorganelles (the zymogen granules) preferentially located at the cell apex, whereas the anticathepsin D pattern (B) is negative. The elongated structures visible in both A and B are blood capillaries containing nonspecifically fluorescent erythrocytes (arrows). In the samples from ductobstructed animals (C and E), zymogen-positive organelles appear similar in size and distribution to those seen in the controls but they are more numerous and packed in obstructed samples. Pancreatic Duct Obstruction gogue-induced models of pancreatitis have been studied. It is tempting to speculate that it is the colocalization of digestive zymogens with lysosomal hydrolases that leads to the observed increases in organellar fragility and to suggest that such increases in organellar fragility might result in the intracellular release of activated digestive enzymes.
Although the currently reported studies support the hypothesis that ductal obstruction may be important in the pathogenesis of gallstone pancreatitis, it is clear from these as well as many other studies that ductal obstruction alone is not sufficient to cause the morphological changes of pancreatitis. Clearly, other events must occur if the changes induced by ductal obstruction are to lead to pancreatic injury. Studies designed to identify those events may be of great importance because they are likely to be the ultimate determinants of the severity of pancreatitis and, even more important, because they may be subject to therapeutic alteration. The model of controlled pancreatic duct obstruction described here is likely to be of considerable value in future studies designed to address that issue.
